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Foreword

This booklet has been prepared to acquaint the reader with the relatively new field,
Planetary Geology—the study of the geology of the Moon and planets. It is divided into
four parts; Part I discusses some of the basic principles of physical geology—
principles that are applicable not only on Earth, but on the Moon and planets as well.
Part II introduces the methods that are employed in studying the geology of a
planetary body where “field work” is non-existent, or at best, extremely limited

{(can you imagine attempting to decipher the geology of the Earth from less than a half
dozen “Earth-landings”?). Part III is a brief account of the geology of the Moon and
Part 1V, the geology of Mars. An appendix lists general and special references on
geology and planetary geology and provides sources of maps and photographic
materials.

Obviously, this booklet is not a complete treatment of the subject. The intent is to
create an awareness and some appreciation for the importance of geological processes.

Publication of this booklet was supported by the Space Science Division and Office
of Public Affairs, NASA-Ames Research Center, and Office of Planetology,
NASA-Headquarters.

Ronald Greeley, 1972
University of Santa Clara
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GEOLOGICAL PROCESSES

The Earth is a dynamic, ever-changing body, as evidenced
by the three main processes that shape its surface: gradation,
igneous activity, and diastrophism. Gradation is the complex
process of weathering rocks by disintegration and
decomposition so that they can be eroded, transported and
deposited in other areas. Gradation acts through the

agents of water (streams, oceans, glaciers, etc.), wind, and
gravity (landslides, avalanches, etc.). Weathered rock that is
being transported by these agents will usually be deposited
wherever there is a decrease in velocity of the transporting
medium. Thus, deposition occurs where streams enter

lakes or other relatively still bodies of water, sometimes
forming deltas. Once the rock particles are deposited, they
may be changed to rock, or lithified. If the newly formed
rock body is large (at least several square kilometers)

it is called a formation, the basic unit of geologic mapping.

A formation is a body of essentially the same kind

of rock that is large enough to be shown

on a large scale map (about 1 inch to the mile}.

As deposition continues through geologic time (10s, 100s,
1000s, millions of years) successive formations are built

on top of each other. The formation on the bottom of the
sequence must be the oldest because it was deposited first;
the formation on the top must be the youngest because it was
last deposited. This rather obvious and simple —

minded relationship forms one of the basic tenets in geology:
The Law of Superposition.

Igneous activity, the second process in geology, is the
movement of molten material, called magma, within the crust
and the formation of igneous rocks. Volcanism is one form
of igneous activity that involves the extrusion of magma

at or near the surface of the crust. Lava flows, volcanoes,
geysers and hot springs are all forms of volcanic activity.
On the other hand, magma that pushes through the crust
but cools before reaching the surface constitutes the second
kind of igneous activity, plutonism. Rocks formed by
plutonic activity, such as the granites of the Sierra Nevada,
are characterized by their large, interlocking mineral grains.
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ROCK CLASSES

The terms rocks and minerals are often used interchangeably,
but to do so is incorrect. Minerals are naturally occurring
inorganic solids of fairly consistent chemical composition.
Each mineral species has a unique internal crystal structure
that is governed by the arrangement of the chemical

elements making up the mineral.

Rocks, on the other hand, are usually composed of aggregates
of one or more minerals. For example, if several specimens

of the mineral quartz were crushed to particles the size of
sand grains and the grains cemented together. then the

rock, sandstone, would be formed. Or, if magma (molten parts
of the crust of the Earth) containing the elements silicon,
oxygen, iron, magnesium, potassium, and aluminum in the
right proportion and under certain conditions, were allowed
to cool, then the magma would solidify by the elements
combining chemically to form individual mineral grains

of quartz, feldspar and biotite (mineral species). Taken
together, they would constitute the rock, granite.

The major categories of rocks making up the solid crust

of the Earth result from the three geological processes.

In gradation, existing rocks are broken into small
particles or taken into solution by weathering and erosion
so that they can be transported and settled out as
deposits. The deposited rock particles can be lithified

to form sedimentary rocks. Igneous rocks (literally “fire
formed’'} result from cooling and solidification of magma
beneath the surface through plutonism, or on the surface
from volcanism. High temperatures and pressures associated
with diastrophism and igneous activity can metamorphose
(change) existing rocks to form metamorphic rocks. The
relationships of one rock type to another, as well as the
processes involved, can be seen in The Rock Cycle.
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GEOLOGIC TIME

Geologic time is expressed either in relative ages or
radiometric ages. The Law of Superposition makes use of
relative geologic time. in which formations are younger or
older than other formations with no reference as to how
much older or younger (expressed in years) they might he.
Nearly all rocks on the surface of the earth can be placed
within a relative time scale by applving superposition

on a worldwide basis.

Radiometric ages are determined by radioactive “clocks”
built into some rocks at the time the rocks are formed.
Certain radioactive elements “decay™ to other forms
(isotopes) or other elements at a known rate (the “half-life’
of the element, or the time it takes for half the material to
decav). By measuring the quantities of the original or

“parent” malterial and the amount of decayv or “daughter’
material. it is possible to establish a ratio directlv related
to the length of time since the rock containing the elements
was formed. Only a small part of the rocks on the surface

of the FEarth contain elements suitable for absolute age
determinations. However, by using combinations of relative
and absolute age dating techniques it is possible to determine
the geologic age of most rocks. These rocks can then be
placed in a Geologic Time Scale.

The information presented in this section forms the
foundation for phvsical geology. The principles discussed
are applicable to all geologic problems and are emploved
constantly in planetary geologv.
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PART Il Planetary Geology

INTRODUCTION

Questions often asked are, *“Why study the geology of the
Moon? What good can it do us here on Earth?” Considering
the resources that have been invested in planetary geology,
these are valid questions that should be asked . . . and
answered. The National Academy of Sciences placed three
national goals before the scientific community: 1) determina-
tion of the origin and evolution of the Solar System,

2) determination of the origin and evolution of life, and

3) clarification of the nature of the processes shaping Man’'s
earthly environment. These are objectives that have been
sought for hundreds of years: it is only through the
possibilities of manned and unmanned space travel that
these goals are now within our reach. In addition to the
aesthetic and “pure science” (knowledge for the sake of
knowledge) considerations, there are economic and environ-
mental aspects of planetary geology which bear directly

on our day-to-day lives.

Many fundamental geological problems on Earth could be
solved by detailed comparisons with other planets where the
relative effects of different sizes, compositions and

atmospheres on the evolution of the planet could be assessed.

For example. very little is known of the early history of
the Earth. Only the fast 0.5 billion vears of our estimated

5 billion year history is readily available for study because

so much of our planet is covered by water and the remainder
is constantly attacked and altered by weathering and
gradation processes. On the other hand, because the Moon
has no eroding atmosphere and the crust apparently has been
stable for several billion years, it displays a surface that is
commonly five to eight times older than most of Earth’s
surface. In this older surface is locked (but available for study)
the early history of the Moon and possibly the Earth as well.

Many of the questions regarding the origin and evolution

of the Solar System are centered on the chemistry of the final
accretion of the Sun and planets, and the distribution of

the elements among the planets. Analyses of returned
samples, geologic interpretation of planetary surfaces and
geophysical studies of planetary interiors are providing
many of the answers to these questions. These same
considerations are of utmost importance to the biologist seeking
the origin and evolution of life. He must know the kinds of
rocks and minerals on planetary surfaces (including Earth),
as well as the geologic environment and processes modifying
those surfaces. He must know the conditions in the

geologic past as well as the present.
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Superposition

Superposition is a very useful means lo separate geologic
formations. For example. the material thrown out of an
impact crater during its development is composed of hroken
rock fragments called ejecta. The ejecta hlanket makes a
formation that is superposed on the pre-crater surface and
can be identified on aerial photographs and mapped. On some
lunar photographs, individual lava flows are visibly super-
nosed on older flows, These, too. can be identified and
mapped as separale geologic farmations.

sition. Flow 3«

\ultiple Tava floaws in NMare Thrium, By «
oldest. Flow 1is voungest and Flow 2 is imtermediate in ave

iApolto 15 NMetric camera frame N3-T557 1
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Geomorphology

The technique of using geomorphology to distinguish geologic
formations is related to crater frequency studies. Meteoritic
erosion, or the bombardment of surfaces with thousands

of meteorites, progressively wears away sharp features

to produce rounded features. A fresh impact crater has sharp,
well-defined rims; with time the rims are worn away until
they are barely discernible. Depending upon its size, the
crater may even eventually disappear (larger craters,
however, tend to remain). Geomorphology, or the degree of
sharpness of craters on a surface, indicates the relative age
and distribution of the formation containing the craters.
Craters of the light-colored highlands on the Moon are
degraded in comparison to the sharp craters of the dark low-
lands, indicating a difference in age between the two areas.

Geomorphic stages in crater modification by meteoritic erosion;
crater (arrow) initially has sharp rim, then is progressively
degraded until it nearly disappears (courtesy of D. E. Gault).

Color and Albedo

Color and albedo are properties of formations that are
commonly employed in geologic mapping. Obviously,
different rocks may have different colors. Accurately
determining the color of planetary surfaces gives additional
clues for distinguishing different formations. Albedo refers
to the reflective properties of surfaces. Different units can
be identified and mapped by measuring the reflectance

of light from different planetary surfaces.

Geologic mapping is accomplished through a combination of
techniques employing superposition, crater frequencies,
geomorphology, color and albedo—all properties that can be
determined by remote sensing. Small scale geologic maps

(1 cm to 10 km*) have been made for nearly the entire
frontside (the side always facing Earth) of the Moon. Large
scale maps (1 ¢cm to 50 m) have been prepared for

the immediate areas of the Apollo lunar landing sites. Plans
for mapping the geology of Mars utilizing photographs
returned by Mariner 9 spacecraft are being formulated.
These maps will be small scale, covering large areas

(1 cm = 50 km).

* equivalent to 1 inch to about 16 miles. Metric units are used
throughout the booklet: 1 cm (centimeter) = .4 inch, 1 m (meter} =
39 inches, 1 km (kilometer) = .62 mile.
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grams o show tvpical formation of an impact
a blanket (debris thrown out of crater): from
h Center.

Sequential
crater and :
laboratory simulations at NASA-Ames Rese:
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PART Ill Geology of the Moon

INTRODUCTION

Most of the techniques and methods of planetary geology
are the results of the efforts of geologists and other scientists
of the Astrogeology Branch (U.S. Geological Survey), NASA
research centers, and universities. These techniques evolved
primarily through studies of the Moon.

Serious observations of the Moon began when Galileo first
turned his telescope skyward. Even with improvements

of the telescope through the present, however, investigators
are limited in the data that can be obtained from Earth.
When the decision was made to send a man to the Moon,

it became apparent that more data were needed for successful
missions than could be obtained from Earth. A series of
unmanned spacecraft preceded Apollo through the 1960s.
These included Ranger, Surveyor, and Lunar Orbiter; all had
the ability to make pictures of the lunar surface; some

could analyze the Iunar soil to determine its composition
and engineering properties, The data from these missions
will provide study material for many years.

However, there is no substitute for human observation.
Apollo missions to the Moon have provided detailed and
direct observations of the lunar surface, both on the ground
and from the orbiting command module. Returned lunar
samples have given a better understanding of the geologic
setting for the major formations and the chemical evolution
of the Moon. Apollo photographs are providing

details of the surface never seen by unmanned spacecraft.

Manned and unmanned missions to the Moon are allowing
geologists to mold a comprehensive interpretation of the
origin and evolution of our first “foreign” planetary body,
the Moon.



"(£v01-H-09 weideip ySyYN)
UOTISSIUW JeUN| pauuewaun ue Joj ajgoid yydiyy jeordA],

JN404d 1HOM4 TVIOIdAL (AHOLOIrVHL

HYNNISNYHL
OLNI LOIrNI

NOILVHYJIS YNIOV (ZW‘%‘J‘».%MVN_

INIWAOTAIA L
YNNILNY ONY
1aNVd HYIO0S

NI LSv0D
(L1940 ONINYVd
N F NOILYLNIHO (QIHavyw Obz_ LO3rNY

11840 ONIMUVd

SNJONVYO-NNS * wmc NOILINDI

\ / VN3OV 1S

/ ANOWHS 3SON

\\ ANV Svly

NOHLYLOH
Hldv3a \

NOILOIHYOD
ISHNODAIN LSHIA * @

EETENY 31vHVd3S
NOLLO3HBOD (vdanoom 15008
3SHNOOTIN ONOD3S HONNYY SVY
LIBHO WILINI 4‘ (3INOLSEI09) NOSILLAr
OLNE NOILOIMNE \ 580
El
W LS 82 ¥ 021
INNTIY I
1S3IHILINI 30
Y34V
OIHdYHOOLOHd
L1GHO
DIHAVEDOLOHd
0LV OLNI NOILOIMNI
WN_LS 0511
ANNTOdY

‘(geTL-8% dwreay Z1 ofjody)

UOZLIOY 8YJ U0 3DUBR}SIP W £8T INOQR S1 INH] 8L, I8I[Iea

SIB3A ¢;g popue[ pey yoiym jjeioaseds pouuewun UB ST ‘PUN0OIZII0]
ut ‘g 10A9AING "UOON 0Y) U0 JJeIda0RdS ' (] OM} PUEB UBS( JNRUOIISY




18

EXERCISE

Before proceeding with this very brief summarization of lunar geology, please do
the following exercises Lo become familiar with the features and geography of
“the face of the Moon™.

The Moon is 3476 km in diameter. To gain an appreciation of its

size. draw ¢

rcle representing 3476 km on the map of the United
States, using the star as the center of the circle. Earth’s moon is
large in comp :

on to its "parent” planet: the moons of Mars, for

. t 8 and 22 km in diameter, much smaller than
the star on the map of the United States.

exdamp

I J

1500 km
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MARIA, TERRAE, AND MOUNTAINS

Even to the most casual observer, the Moon can be sub-
divided into two distinct regions: a) light areas and b) dark
areas. These areas were first described by astronomers in
the 17th Century. They named the dark areas maria (literally.
seas) and the light areas terrae (land, or earth) because they
believed the areas corresponded to those on Earth. Although
it was later realized that the dark regions are not water, the
terms maria and terrae are still used.

Maria are given Latinized names lo indicate imaginary
conditions; for example, Mare Imbrium is the Sea of Rains,
Mare Tranquillitatis is the Sea of Tranquillity. Maria are
characterized as having a low albedo (dark appearance),
relatively few craters, flat surfaces, different kinds of surface
structures, relatively low elevations, and locations often

in circular basins. The circular basins are believed to be large
impact craters formed by the collision of the Moon with

very large meteors or small planetesimals. Some of the basins
were then filled, or partly filled, with dark lava flows
composed predominantly of basalt, a volcanic rock common
on Earth. Nearly all the circular basins on the frontside

(side of the Moon that always faces Earth) are filled

with mare material, whereas almost all the basins on the
farside (side of the Moon that cannot be seen from Earth)

are devoid of mare-filling. The cause of this distribution of
maria has not been suitably explained.

In contrast to the maria, the terrae (or highlands) are heavily
cratered with large, old-appearing craters, have rugged
surfaces with high albedos (light appearance), and generally
are higher in elevation than the maria. Mountain ranges
constitute a subdivision of the lunar terrae. Nearly all the
ranges are concentric to the circular basins (often forming
the “rim” of the basins) and are probably directly related

to the formation of the basins. The ranges are tens of
thousands of meters long and often thousands of meters high.
Most lunar mountain ranges are named after those on Earth,
e.g. Jura Mts., Apennines, Alps.
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CRATERS

Craters are the dominant landforms of both maria and terrae.
For many decades selenologists were divided into two camps:
those who believed that lunar craters were formed by
internal processes, such as volcanism, and those who believed
that the craters resulted from meteoritic impact. It is only
recently that a better understanding of the cratering
processes on the Moon has evolved. Most investigators agree
that the vast majority of lunar craters are of impact origin;
but not to the total exclusion of other kinds of craters.
Volcanism also has played a significant role in shaping

the lunar surface, including the formation of craters.

Most information on impact craters has been gained from
research conducted within the last ten years. The effort

has been a combination of laboratory experiments, field work,
and photographic interpretation of lunar and terrestrial craters.
These studies have shown that fresh impact craters can be
identified by the following characteristics:

1. Usually very circular in outline;
Rock strata in the rims are overturned;

2
3. Crater floor is lower than the surrounding surface;

-~

An ejecta blanket, composed of rock debris thrown out
of the crater, surrounds the crater rim; it is thickest
near the rim and thins to a feather-edge away from the
crater;

5. Secondary craters, formed when blocks of ejecta strike
the surrounding surface, are distributed radially from
the crater, often in crater chains:

6. Formation of unique minerals, such as coesite and
stishovite (forms of quartz); these minerals are known to
form only by the intense shock of impact processes.
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Most meteorites that form craters hit the surface at very high
speeds—often more than 10 km per second (22,500 miles

per hour)—breaking into smaller fragments and partly
vaporizing during crater formation. Only for low-speed
impacts is the meteorite buried beneath the crater. Craters
formed by impact range in size from the mare-filled circular
basins hundreds of kilometers in diameter to craters less than
10 microns in diameter (4/1000 of an inch). There are
progressively more and more craters in the smaller size
ranges on the Moon.

In contrast to impact craters, craters formed by volcanism
are characterized as:

1. Generally without circular outlines;

2. Crater floor higher than surrounding surface;
m.w&m:é:\mBm:&mBmﬁmam“
\»

Rims that are not overturned, but built up of lava flows
and cinders;

5. Irregular zones of light and dark material in patches
around the crater.

Some volcanic craters on Earth, however, appear very
similar to impact craters. The characteristics listed for impact
and volcanic craters are generalizations that do have
exceptions.

RILLES

Rilles are channel-like depressions fairly common on the lunar
surface. Linear rilles are large, relatively straight depressions
often several kilometers wide and hundreds of kilometers
long. They cut across crater rims, terrae and maria

and are believed to be deep-seated structural features

similar to grabens on Earth. Grabens are down-dropped
blocks of land between two parallel faults that result from
major adjustments in the crust. Owens Valley in California

is a graben.
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SINUOUS RILLES

Sinuous rilles usually are smaller than linear rilles, have a
meandering course, and generally are restricted to the maria,
They often appear to originate in irregular shaped depressions
(volcanic vents?) and trend downslope across the maria surface,
flowing around mountains and other high areas rather than
cutting across them as in the case of linear rilles. Sinuous

rilles may be discontinuous, may have cut-off branches, and
often terminate with no visible feature at their end.

Most investigators believe sinuous rilles to be the result

of fluid flow. Sharp controversy arises, however, as to the
type of fluid involved. The diverse modes of origin proposed
to explain sinuous rilles include:

1) erosion by water at a time when the Moon may have had
surface water, 2) collapse of underground rivers, 3) erosion
by ash flows, 4) fluidization of surface fragments by out-
gassing through fractures in the lunar crust, and 5) lava
channel and lava tube development associated with the mare
basalts. Although there are difficulties with each hypothesis,
many sinuous rilles seem best explained by the last proposal.
Lava channels (depressions that carry molten lava from

the eruption vent to the flow front) and lava tubes (channels
that become roofed-over: these usually collapse within a
few hundred years) are rather common in basalt flows on
Earth and it is reasonable to assume that they would be
present in basalt flows on the Moon.

DOMES AND CONES

Small rounded hills, or domes, and small angular peaks,

OT cones, are common on some mare and on some crater
floors. They are usually less than 12 km in diameter and less
than a few hundred meters high. Both kinds of structures
probably result from igneous activity.
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Domes may be intrusive features (plutonic igneous activity)
similar to laccoliths on Earth. Laccoliths are mushroom-
shaped bodies of magma that may push the surface into a
dome, but solidify before reaching the surface. Lunar domes
with central craters may be combinations of intrusive and
extrusive activities, the craters representing volcanism
where parts of the magma pushed through to the surface.

The steep-sided cones may be entirely extrusive (volcanic)
structures similar to cinder cones on Earth. These features
are common on basalt flows and are the result of piles of
cinders building around the vent. They often have small
channels associated with them on both Earth and the Moon.

WRINKLE RIDGES

Wrinkle ridges are irregular, discontinuous features that
extend tens of kilometers across maria surfaces. Many

appear to consist of two parts, a broad, low, swelling super-
posed by a sharper, more narrow element. Total height above
the maria seldom exceeds a few hundred meters. Wrinkle
ridges are probably volcanic features associated with the mare
filling of the basins. They may have formed by lava oozing
through cracks in the crust of the basalt lava flow. However,
there are no features similar to them on Earth for comparison.

FAULTS AND GROOVES

Many sharp, linear structures on the Moon are faults, or
ruptures in the lunar crust along which there has been
movement. The Straight Wall in the eastern part of Mare
Nubium is an example of a probable lunar fault more than
100 km long, along which the east side has been raised
several hundred meters above the west side.

Many of the circular basins have large scooped-out depres-
sions which radiate from the basins. These may have
formed in association with the ejecta immediately following
the impact that created the basin. Grooves are particularly
prominent around Mare Orientale.
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LUNAR SAMPLES

Moon samples returned from Apollo lunar landings have
yielded a variety of materials including: 1) crystalline

rocks of basalt, gabbro and anorthosite, 2) glasses, 3} breccias
and 4) soil. The crystalline rocks solidified from liquid melts
which welled-up from beneath the surface. The hasalts

are fine-grained and contain vesicles, or holes, indicating
that they formed from lava flows, whereas the gabbros are
coarse-grained and probably cooled beneath the surface.
Both rock types are composed predominantly of the minerals
plagioclase, pyroxene and olivine, similar to basalts and
gabbros on Earth. There are, however, some notable
differences between lunar rocks and terrestrial rocks; for
example, the lunar rocks from Apollo 11 contain a much

higher proportion of titanium than any rocks known on Earth.

Small pieces of anorthosite have been found at the mare
landing sites. Anorthosite is a white rock composed almost
entirely of the mineral plagioclase and is less dense than
basalt and gabbro. It is likely that the anorthosite was thrown
into the mare regions from the light-colored terrae as ejecta
from impact processes.

The lunar soil is composed of small fragments of basalt,
gabbro and anorthosite, broken by the impact of countless
thousands of meteorites. Mixed in the soil are small glass

objects generally less than 0.2 mm in diameter. They are
often spherical, but may also be dumbbell-shaped, ovoid,
or angular, Colors may be red, brown, yellow, green or
colorless. Chemically, they are similar to the

basalt and gabbro and are believed to have formed when
impacts on the lava surfaces melted some of the rocks.
This melt was thrown out of the crater and cooled as glass
blobs, or splashed on surrounding rocks as a glass-glaze.

Lunar breccias are composed of angular fragments of basalt,
gabbro, anorthosite, glass, etc., compacted to form a generally
soft rock. They are compacted by the shock-process of
impact. Samples of breccia sliced into very thin sections
show internal structure and the materials of which they

are composed.

Absolute age-dating of lunar samples by radiometric
techniques shows that some areas of the Moon formed 4.5
billion years ago, possibly coinciding with the age of the final
stages of formation for the Solar System. Dates on the lunar
lavas range from 3.2 billion years to 3.8 billion years,
depending upon locality. These dates demonstrate that lunar
volcanism extended over a long period and has

been an important modifying process, along with

meteoritic impact.
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GEOPHYSICS

Moonquakes. Seismometers left at Apollo 12, 14 and 15
landing sites provide a network that allows accurate detection
and location of “earthquakes” on the Moon. Results obtained
to date show that there is at least one active seismic zone

on the nearside, and that the time of greatest activity occurs
when the Moon and Earth are closest. It is probable that

the tremendous strains generated by the gravitational
attraction between the two bodies are being released by
shifting of crustal blocks of rock on the Moon, and perhaps
the Earth as well.

Interior Temperatures. During Apollo 15, a hole was drilled
into the lunar surface and an instrument was placed in it to
measure the flow of heat from the lunar interior. Preliminary
results show that the heat-flow is very high, being nearly

the same as for Earth (proportional to the differences in
size). This indicates that there may be zones of radioactive
heating in parts of the lunar interior, similar to radioactive

heating in the crust and upper mantle of the Farth.

Mascons. Analyses of the orbits of manned and unmanned
spacecraft around the Moon show that the pull of gravity

is not uniform on the Moon. Over some areas, there is an
increase in the gravitational attraction for the spacecraft
{the spacecraft speed up and are pulled toward the Moon
over these areas). These areas coincide with some of the
mare-filled circular basins and the gravity “highs” are
believed to be the result of *‘mass-concentrations” (mascons)
of high density material within the basins.
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PART IV Geology of Mars

INTRODUCTION

The techniques that were developed to study the geology of
the Moon are now being used for Mars. Mars, however, is
considerably more complex than the Moon. Each new mission
to Mars has resulted in a revision of the ideas concerning
the geology of the “Red Planet,” Most information has been
gained from unmanned Mariner spacecraft. In 1965 Mariner
4 transmitted the first close-up pictures of Mars and, although
crude by current standards, the pictures revealed the presence
of many large craters which led some investigators to

believe that the martian surface was essentially the same as
the Moon’s surface. In 1969 Mariners 6 and 7 photographed
about 10% of the planet and showed that, in addition to
craters, other terrain types were present, including “chaotic”
terrain (characterized by irregular, jumbled surfaces of
unknown origin}, possible desert regions composed of
relatively flat, featureless surfaces, and polar regions
containing irregular grooves, ridges, and pits.

Mariner 9 (1971-1972) provided the first comprehensive
view of Mars, photographing the entire planet with high
resolution cameras. Some areas, such as the receding polar
caps, were photographed many times during several months
in order to evaluate seasonal changes. An extremely
successful mission, Mariner 9 has yielded more than 8000
pictures of the planet, as well as other types of data
concerning the surface and atmosphere.
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One of the two “moons™ of Mars, named Phobos, is about 25 km long x 21

km wide and is pock-marked with impact craters (Mariner 9 photograph).
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Nix Olympica, the largest of several shield volcanoes in the equatorial
e of NMar 1500 km wide
lex caldera P64 kmin ~formed by multiple

s hase. At its summit

Ya Smnre

s o

collapse craters (mosaic of Mariner 9 photouaraphs).
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CANYONLANDS

Equally surprising is the martian “grand canyon.” A vast
trench that in places is more than 2 km deep and 125 km

wide, it extends more than 4500 km along the equator. At its
western end, it grades into a terrain marked by networks of
intersecting graben-like structures and chains of pit craters.
The eastern end of the canyonlands grades into ‘‘chaotic”
terrain, characterized by structures resembling huge
landslides. Side canyons and tributaries of the main canyon
resemble landforms eroded by water. However, many

of the basins within the canyon are closed and some account
must be made for the volume of eroded material. Although
the origin is highly speculative, the canyonlands may have
been formed primarily by structural down-warping or down-
faulting with subsequent modification by gradation.

POLAR REGIONS

The northern and southern polar regions have been of great
interest to martian investigators. As the martian summer
advances, the polar caps retreat. If a significant part

of the polar ice is frozen water, then perhaps the margin of
the receding ice cap would be a favorable habitat for martian
life. Preliminary results from Mariner 9 indicate that the
south ice cap is composed of water ice overlain in the winter
by carbon dioxide ice. Thus, perhaps this region is a favorable
landing site for Viking spacecraft (unmanned martian lander,
1976), with its life-detection instruments. Engineering
constraints, however, may require a landing in the equatorial
zone,
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“Laminated” terrain of the southern polar region. The bands visible
along the smoothly sculptured hill may be horizontal alternating

layers of dust and ice {water ice and/or carbon dioxide ice). This
piciure covers an area about 46 km x 39 km (Mariner 9 photograph).

The black streaks associated with many of the craters shown in this
Mariner 9 photograph are believed to be eolian (wind-blown) features.
Light and dark streaks, usually found with craters, have been observed
over vast regions of Mars. The two largest craters are about

29 km in diameter.




ev

‘s18]q Jo AB0]0a8 xajdwon ay) jo Surpueis

-1apun ue 0} Suipea] ai1e saIpnys A10}BIOQR] PUE ‘SIB]A Y}IMm
suosedwon 10§ SUTBLI9) [BLI}S8II8) JO suoljedsaaul 01301003
‘saunjonys pue sadA) ureirs) [enpiaipul jo saipnis ‘swerdord
gurddew 2180]099) "6 IsULIB]N Aq pauinial ejep Jo yjeam
SNOpUAWaI} Y} a0npal 0} §18130[088 YSYN pue ‘AJIs10a1u()
‘fanang [e0180]099) g [} 10] paimnbal aq [[Im sieak [BI9ASG

"'SWI0JpUE] UBI[03 SB PAIJIIuapI uaaq ARy
SI9}BID Y}IM PI)EIDOSSE ,SIB),, YIBp pue Jy3I| pue saunp pueg
‘SIBJA UO uornjepeasd jo sjuade juautwoad jsow oy} Jo auo

s1 puim jey} juaredde sweonaq 1] ‘1aue[d 9y} I940 guider sem
£Injua?d 9y} JO SULIO}S }STP }1S8BIB] 3U) JO SUO 'SIBA }& PIALLIE
1811 6 JaULIE]N usyAp ‘sassadold (puim] uprjos Aq paulioy
9SOV} ale SIBJA UO Sainjeaj adeJans 1s93unoA ayy A[qeqoid

STANLVIA NMOTI-ANIM

‘[BlajEW 3DeyINS JO asde([0o jusnbssqns
pue (ssaoo1d umowun ue AqQ) [RH8JRUI JO [BAOUIAI 9JBJINSYNS
£q pauraog usaq aaey Aew si1d 8y, ‘s19110 Joedwil padeys-{moq
[[ews pue sjrd Je[n8a1al yiim pajuspul dae sure[d yioows ‘Jrun

sy} uj ‘suor8ar xejod ay) jo syred adie] Adnooo suipd pand
"}STp UMO[(-PUIM pUB (3pIX0IP UOQIBD

10/puE I3}eMm) 991 JO SIaAR] SUNRUIS][E ‘[BIUOZIIOY JO S93P3 Y}
aq 01 1y3noy} aIe spueq ay], ‘SapIs[[IY Yjoows Suole spueq
pooeds A[UaAd ‘MOIIBU AQ PSZII3}DRIRYD ST }IUN SIY], "UIDLIS]
pajpurwiny 8y} st Sul[iie}s }souW ay} Suoury -sadA} urerisy

puE S8IN)ONI}S SSISAIP [BIIASS UIRIUO0D suoI8ar tejod ay],



44

Conclusions

This brief and superficial account of lunar and planetary
geology has been intended to aquaint the reader with the
techniques employed in this rather new field of science..
But more importantly, the intent was to create an awareness

Appendix A: Sources of Information and Material

A. General geology

Leet, D. L. and S. Judson, 1971. Physical Geology, Prentice Hall, Inc.
Englewood Cliffs, New Jersey, 4th ed. Excellent college-level text
book; includes preliminary geological results of Apollo 11 and 12
and a discussion of the origin of the Solar System. $12.00

Dott, R. H. and R. L. Batten, 1971. Evolution of the Earth, McGraw-
Hill Book Co., San Francisco. College-level text book of the
geologic history of the earth. $13.00

Wyckoff, Jerome, 1960. The Storv of Geology, Golden Press, New
York, 177 p. Elementary school-level introduction to geology; well
illustrated with colored diagrams and photographs. $6.50

Lunar and Planetary Geology Text Books

Fielder, G, ed., 1971. Geology and Physics of the Moon, American
Elsevier Publ. Co., New York. A collection of papers on different
aspects of lunar geology. $25.50

Mutch, T. A., 1972 Geology of the Moon: A stratigraphic view.
Princeton University Press, Princeton, New Jersey. College-level
text and reference, well written and illustrated. Extensively re-
vised from the 1970 first edition. About $20.00

Short, N. M., 1972 (expected). Planetary Geoscience, McGraw-Hill
Book Co.. San Francisco. College-level text book and laboratory
manual; well illustrated; includes sections on meteorites, ter-
restrial impact craters, the solar system, and the terrestrial
planets.

‘ence Books and Papers

Carr, M. H,, ed. 1970. A strategy for the geologic exploration of the
planets, U.S. Geological Survey Circular 640. Free from U.S. Geol.

of geologic processes, not only on other planets but on
Earth as well, so that a better understanding can be gained
of “our place in the Sun.”

D.

Survey, Washington, D.C. 20242. General account of the methods
and rationale of planetary geology.

Davies, M. E. and B. C. Murray, 1971. The View from Space, Columbia
Univ. Press, New York. College-level reference on lunar and plane-
tary spacecraft that carried imaging systems. Excellent review of
advantages and disadvantages of different systems. $14.95.

Kosofsky, L. J. and F. El-Baz, 1969. The Moon as Viewed hy Lunar
Orbiter, NASA SP-200. An excellent collection of annotated lunar
photographs from the Lunar Orbiter series. *GPO $7.50

Lowman, P. D., 1969. Lunar Panorama, Pulb. Weltflugbild, R. A. Mul-
ler-Feldmeilen, Zurich, collection of lunar photographs from un-
manned missions, with annotations of the geology.
$12.45

Whipple. F. L., 1968. Earth, Moon and Planets, Harvard Univ. Press.
Cambridge. Excellent general treatment of the solar system: very
little geology. Paperback edition, $3.00.

Wilhelms, D. E., 1970. Summary of Lunar Stratigraphy-Telescopic
Observations, 11.5. Geological Survey Professional Paper 599-F.
47 p. Good account of the methods of lunar geologic mapping.
*GPO 60¢

Atlases of lunar and planetary photographs

Alter, Dinsmore. 1967. Pictorial Guide to the Moon, Thom. Y. Cro-
well Co., New York, 199 p. Primarily an atlas of telescopic photo-
graphs with an extensive text. $8.
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